BACKGROUND: American Thyroid Association guidelines currently recommend the selective use of radioactive iodine (RAI) therapy in patients with well differentiated thyroid cancer (WDTC). Despite these guidelines, RAI ablation has been used routinely in all but the very lowest risk patients with thyroid cancer over the last 30 years. The objective of this study was to evaluate patterns of RAI use and elevated risk of secondary primary malignancies (SPM) in patients with low-risk (T1N0) WDTC. METHODS: The Surveillance, Epidemiology, and End Results (SEER) database was used to analyze trends in RAI use over time in the United States. To determine the excess risk of SPM, the standardized incidence ratio (SIR) and excess absolute risk (EAR) of various cancers were calculated in the 2 cohorts. Between 1973 and 2007, 37,176 patients with WDTC were followed in the SEER Program, equating to 408,750 person-years at risk (PYR). In total, 14,589 patients received RAI, and SPMs were observed in 3223 patients. RESULTS: During the study period, the rate of RAI use in patients with low-risk (T1N0) WDTC increased from 3.3% to 38.1%. For low-risk patients, the SIR of SPM was 1.21 (95% confidence interval [CI], 0.93-1.54), and the EAR was 4.6 excess cases per 10,000 PYR. SPM with significantly elevated risk because of RAI were salivary gland malignancies (SIR ¼ 11.13; 95% CI, 1.35-40.2) and leukemia (SIR ¼ 5.68; 95% CI, 2.09-12.37). The excess risk of leukemia was significantly greater in patients aged <45 years (SIR ¼ 5.32; 95% CI, 2.75-9.30) compared with the excess risk in older patients (SIR ¼ 2.26; 95% CI, 1.43-3.39). CONCLUSIONS: The increased risk of a SPM in patients with low-risk (T1N0) WDTC, along with a lack of data demonstrating improved survival outcomes with adjuvant RAI, provide a compelling argument in favor of rationing the use of RAI in this patient population. Cancer 2011;00:000
adjuvant RAI has 2 main objectives: first, to ablate occult microscopic foci of WDTC, reducing the risk of tumor recurrence, and, second, to ablate any remaining normal thyroid tissue, thereby facilitating surveillance with serum thyroglobulin or radioiodine whole-body scintigraphy. 3 On the basis of these objectives, the decision to use RAI depends on the risk of the original thyroid cancer and the completeness of surgery in removing malignant and normal thyroid tissue.
Most studies report little benefit from RAI in lowrisk patients. 4, 5 Even in intermediate-risk patients, RAI administration confers only minor benefit in reducing the risk of recurrence or death. 6 Existing guidelines from the American Thyroid Association (ATA) cite these factors. 7 Notwithstanding available data and guidelines, there is widespread use of RAI in patients who have a low risk of recurrence. The decision to treat patients with RAI should be undertaken carefully. Although the side-effect profile is superior to those of other commonly used adjuvant modalities, such as external-beam radiation or cytotoxic chemotherapy, currently, there are ample data to suggest that RAI is not altogether benign. 8, 9 Complications range from relatively minor salivary gland dysfunction (shortterm and long-term) to more serious but rare complications, such as myelosuppression and aplastic anemia. 10 Furthermore, several studies have documented an increase in the incidence of second primary malignancies (SPM) in organs known to concentrate RAI. [11] [12] [13] [14] In 1 of those studies, the authors established a clear-cut dose-dependent effect, which implies causality. 13 However, those analyses included patients with locally advanced and/or metastatic disease, who have few effective options apart from RAI therapy. In fact, there is no debate on the utility of RAI for patients who fall into the high-risk group, such as patients with gross extrathyroid extension or distant metastases, for whom the risk-benefit ratio favors RAI. 7 However, the risk-benefit ratio may be far less favorable in low-risk patients. To our knowledge, there are no reports specifically focusing on the risk of SPM after RAI in patients with low-risk WDTC. Because this is the cohort of patients that now forms the majority of thyroid cancer cases, it is important to comprehensively define the risk of SPM caused by RAI in these patients. Therefore, the objectives of the current study were to report the use patterns of adjuvant RAI in patients with low-risk WDTC over time using a population-based registry, to determine the excess risk of SPM in the same cohort of patients, and to determine whether there is any correlation between SPM incidence and trends in RAI use.
MATERIALS AND METHODS

Patients in the Surveillance, Epidemiology and End Results Program
The National Cancer Institute's (NCI) Surveillance, Epidemiology and End Results (SEER) Program is a population-based registry that captures 26% of cancers diagnosed in the United States. Quality control is an integral part of SEER, and comparison studies confirm that pathologic, surgical, and radiation data are recorded accurately. 15, 16 Information on thyroid tumor size has been recorded in the database consistently since 1983. RAI therapy is captured reliably provided that it is administered as part of the first course of therapy or within 1 year of surgery.
All patients who had an index WDTC, which we defined as classical papillary carcinoma, variants of papillary carcinoma, and follicular carcinoma ( In total, 78,864 patients were identified in the SEER 17 cohort , and 9385 patients (11.9%) were excluded because of missing data regarding tumor size, extrathyroid extension, lymph node status, metastasis status, or RAI administration. Low-risk tumors were defined as those <2 cm in size without extrathyroid extension, lymph node metastases, or distant metastases (ie, essentially intrathyroid T1N0M0 tumors) in patients aged <45 years.
Definition of SPM Risk
An SPM was defined as an invasive solid or hematologic cancer that developed >6 months after the index WDTC. SPMs were classified according to standard Warren and Gates criteria modified by the NCI. 17, 18 The risk of SPM was defined as the standardized incidence ratio (SIR) adapted for cancer registry analysis. 19, 20 The SIR is the ratio of observed to expected (O/E) second cancers, in which the expected number is calculated for a reference cohort of identical age, sex, race, and time. The excess absolute risk (EAR) represents the absolute number of additional second cancers attributable to the index WDTC and is calculated as the excess (O/E) number of second cancers in patients with an index WDTC diagnosis per 10,000 person-years at risk (PYR). 18 SPM analysis was conducted in the SEER 13 cohort (1973 SEER 13 cohort ( -2006 , which comprises 37,176 actively followed patients with WDTC, equal to 408,750 PYR. SPMs with a meaningfully elevated risk after WDTC diagnosis and RAI treatment were identified as follows. First, SIR and EAR statistics were generated for 194 SPM sites in cohorts of patients with WDTC who received RAI (RAI-positive) and did not receive RAI (RAI-negative). SPM sites were then filtered to include sites with an SIR significantly >1.0 (at P < .05) in only the RAI-positive cohort, but not in the RAI-negative cohort, thereby identifying second cancer sites that were at elevated risk specifically associated with RAI administration. Finally, SPM sites were limited to include only those for which the EAR was !0.5, because only SPMs with !0.5 excess cases per 10,000 PYR were deemed clinically meaningful.
Statistical Methods
There are 2 possible sources of misclassification error in SEER RAI data that deserve mention, both of which would lead to under counting of RAI administration. First, before 1987, RAI therapy was coded as ''other radiation,'' a category that potentially could include other modalities, such as brachytherapy. Because brachytherapy has not been used commonly in thyroid cancer, and because there have been no cases in the database of ''other radiation'' for thyroid cancer recorded since 1988, when the classification for RAI was introduced, we considered cases of ''other radiation'' before 1987 to represent RAI. Second, it is possible that the administration of RAI may be missed by SEER registrars, leading to under counting. Although RAI is recorded reliably in the first postoperative year, patients are not followed specifically for RAI status after 1 year. In both instances, these possible misclassification errors would have conservative effects on our analyses, in that they would dilute the trend in RAI use and would attenuate the excess risk of SPM in the RAIpositive cohort.
Thyroid cancer incidence and RAI use were regressed over time using linear and polynomial leastsquares regression models. SIR confidence intervals (CIs) were calculated using the Byar approximation to Poisson distribution. 18 To determine changes in the risk of SPM over time, the trend in SIR was analyzed across 4 time periods, binned by year of diagnosis (1973-81, 1982-89, 1990-98, and 1999-2006 
RESULTS
Trends in WDTC Incidence and RAI Use
Over the past 3 decades, there has been a dramatic increase in the incidence of WDTC, from 3.5 per 100,000 in 1973 to 11.4 per 100,000 in 2007. Thyroid tumor size has been recorded since 1983. In 1983, lowrisk WDTC (intrathyroid T1N0M0 tumors <2 cm) accounted for 28.6% of all WDTC. Since 1983, the incidence of low-risk WDTC has increased from 1.2 to 5.2 per 100,000 (Fig. 1) . This accounts for the majority (55.6%) of the increased incidence of WDTC overall.
Therefore, the proportion of WDTCs that are lowrisk tumors has steadily increased to 45.6% of all WDTC in 2007. Between 1983 and 2007, the percentage of tumors <2 cm increased from 47.1% to 60%, the percentage without gross extrathyroid extension increased from 80.5% to 83%, and the percentage without cervical metastases increased from 71.9% to 79.4%. Multicentricity has been recorded since 2004, and the data indicated that 38.5% of all tumors and 27.2% of microcarcinomas were multicentric.
Despite the increasing proportion of low-risk tumors, the use of RAI for WDTC has increased dramatically since 1973. Between 1973 and 2006, RAI was received by 14,589 patients. The percentage of patients with WDTC who received RAI as part of the first course of therapy overall has increased from 6.1% to 48.7% (P < .0001). Among patients aged <45 years with low-risk tumors, the receipt of RAI increased from 3.3% in 1973 to 38.1% in 2006 (P < .0001). Despite this increase, the rate of overall survival among patients with low-risk WDTC has remained constant (Fig. 2) . The rate of RAI administration was associated with multicentricity: 45.9% of patients who had microcarcinomas with microscopic multicentricity received RAI compared with 18.1% of patients who had unifocal microcarcinomas (P < .0001).
Elevated SPM Risk After WDTC During the study period, an elevated risk of SPM after a diagnosis of WDTC emerged. SPMs were observed in 3223 patients. The expected number of SPMs in a reference population was 3029.
These trends have occurred concurrently with increasing use of RAI. During the era when RAI use was uncommon, there was no statistically significant elevated risk of SPM among patients who were diagnosed with WDTC. However, the risk of SPM subsequently has increased in parallel with the escalating frequency of RAI use. For all patients with WDTC, the overall risk of SPM at any site has increased from 1.00 (95% CI, 0. Table 1 ). The EAR of leukemia in patients with WDTC who received RAI was 1.6 cases per 10,000 PYR.
Elevated SPM Risk in Young Patients
Receiving RAI for Low-Risk WDTC A similar pattern was observed among patients aged <45 years who had low-risk WDTC (intrathyroid T1N0M0 Original Article tumors). In this cohort, the overall risk of SPM was 1.21 (95% CI, 0.93-1.54), corresponding to 4.6 excess cancers per 10,000 PYR. Because of the smaller size of this subgroup, the CIs were wider, and the risk was significantly elevated only for cancers of the salivary gland (SIR ¼ 11.13; 95% CI, 1.35-40.2) and leukemia (SIR ¼ 5.68; 95% CI, 2.09-12.37). The administration of RAI to patients with low-risk WDTC caused an estimated 2.0 excess cases of leukemia per 10,000 PYR (Table 1) .
When comparing the risk of leukemia after RAI in younger patients (aged <45 years) versus older patients (aged !45 years) with WDTC, the risk of leukemia was elevated in both groups but was elevated to a greater degree in younger patients (SIR ¼ 5.32; 95% CI, 2.75-9.30) than in older patients (SIR ¼ 2.26; 95% CI, 1.43-3.39). Further analyses were performed by sex and age group. There was no difference in the risk of SPM among men and women who received RAI. In men, the SIR of SPM was 1.23 (95% CI, 1.08-1.40), whereas, in women, the SIR of SPM was 1.18 (95% CI, 1.07-1.29). Similarly, there was no difference in the risk of leukemia after RAI: The SIR was 2.28 (95% CI, 1.18-3.99) for men and 3.20 (95% CI, 2.03-4.80) for women.
DISCUSSION
Although several studies (both population-based and cohort) have reported an elevated risk of SPM from the use of RAI therapy for thyroid cancer, [11] [12] [13] [14] to our knowledge, no reports have specifically addressed this issue in patients with low-risk WDTC, for whom the benefits of RAI are less clear. Therefore, the objective of the current study was to specifically determine trends in RAI use and the associated risk of SPM in patients with low-risk WDTC. These patients account for the majority of the increased incidence of thyroid cancer observed in the United States over the past decade.
There are limited data indicating any efficacy of RAI as adjuvant treatment to prevent recurrences or prolong survival in patients who fall into the low-risk WDTC category, which led the ATA to revise their guidelines for RAI ablation in 2009. 7 These recommendations now advise that there are no data to support the routine use of RAI in patients with intrathyroid tumors with or without multifocality that measure <1 cm. Because there is conflicting evidence on the benefits of RAI for patients who have tumors that measure >1 cm, the ATA suggests limiting its use to patients who have intermediate-risk or highrisk features, such as extrathyroid extension, aggressive histologic variants, or the presence of cervical lymph adenopathy. On the basis of the guidelines outlined above, there is probably minimal valued-added benefit to the use of adjuvant RAI in young patients with low-risk tumors; ie, patients aged <45 years with intrathyroid T1 tumors (<2 cm) and without extrathyroid extension or lymph node metastasis. These patients are considered ''low risk'' in the current ATA guidelines 7 and were categorized as ''very low risk'' in a recent systematic analysis of the literature. 21 Despite this, 38% of patients who fall into this low-risk category currently receive adjuvant RAI in the United States. For patients with microcarcinomas, the presence of microscopic multicentricity in recent years nearly tripled the likelihood of RAI use; although, currently, this factor is not considered an indication for adjuvant RAI. 7 More important, time trends demonstrate that the receipt of RAI by low-risk patients continues to increase with time in an almost linear manner despite the absence of any evidence for an impact on survival. It has been suggested that RAI should be used in all but the most microscopic of tumors, and some have advocated adjuvant RAI for tumors that measure >0.5 cm. 22 However, these statements are based on ''expert opinion'' and, thus, should be viewed with scrutiny. Furthermore, many of these tumors are incidental, subclinical tumors that probably would remain asymptomatic and, in an earlier era, would have been diagnosed only at autopsy. 2 The decision to use RAI should be based on a balance between its risks and benefits. The side-effect profile of RAI has been underplayed as minor compared with external-beam radiation, and this view often is passed on to patients. Short-term side effects of RAI include salivary gland dysfunction (sialadenitis, altered taste), which is observed in >40% of patients; xerophthalmia (25%); transient fertility reduction (20%); transient leukopenia; and thrombocytopenia. [8] [9] [10] 23, 24 Fortunately, life-threatening, short-term risks, such as acute bone marrow failure, are rare. Delayed toxicities are less well appreciated and are not mentioned routinely, such as xerostomia (40% partial, 4% complete) or reduced pulmonary function secondary to radiation pneumonitis (6%). In a quality-of-life analysis, Almeida et al reported that, in patients with lowrisk thyroid cancer, treatment with RAI was the only factor on multivariate analysis associated with poorer quality-of-life scores. 25 The development of SPM attributable to RAI is viewed as 1 of the most serious sequelae of treatment. 9, 26 However, it is generally believed that this is a rare outcome; therefore, it is not emphasized when recommending adjuvant treatment. Several studies, both cohort and population-based, have demonstrated a significant increase in the incidence of SPM among patients with WDTC who received RAI compared with their counterparts who did not receive RAI. [11] [12] [13] [14] It is estimated that this increased risk ranges from 20% to 30% compared with a matched population. Undoubtedly, in patients who have high-risk or metastatic disease, there are limited options available, and the comparatively low SPM risk can be justified. Although some authors suggest that lowdose RAI does not increase SPM risk, our data may not be consistent with that suggestion. In our current study cohort, most patients deemed as low-risk would have received a lower cumulative dose of RAI compared with patients who had recurrences or distant metastasis, yet this low-risk cohort experienced a 21% excess SPM risk attributable to the receipt of RAI. The SPM sites at elevated risk encompassed diverse malignancies, but hematologic cancers carried the most pronounced elevation in risk.
There are important limitations to our data that deserve mention. Although few patients had missing data, the SEER Program does not record certain covariates of interest, such as completeness of resection, tumor multicentricity (before 2004), or data from postoperative thyroglobulin or whole-body scanning, some of which potentially may explain the decision to use adjuvant RAI. RAI administration is recorded reliably in the SEER Program only in the adjuvant setting, as outlined above (see Statistical Methods), and may not be recorded if RAI is given at a later date for recurrent or new disease. This may lead to misclassification of RAI-positive patients into the RAI-negative cohort, attenuating the measured differences between cohorts, and leading to an under estimation of the elevated risk attributable to RAI. Second, the SEER Program does not include information on RAI dose; therefore, we were unable to correlate RAI dose with the risk of SPM.
Nonetheless, we report a striking increase in the risk of all malignancies and hematologic cancers among patients with WDTC in parallel with the increasing receipt of RAI by low-risk patients. There may be a mechanistic explanation with regard to cancers arising from the salivary glands, hematologic system, and kidney, because it is known that RAI concentrates in the salivary glands and bone marrow and is excreted through the kidneys. There are data to suggest that expression of the Na þ /I À symporter in extrathyroid tissue, like that of the salivary gland, may be responsible for concentrating RAI in these cells, driving carcinogenesis. 27 To our knowledge, our finding of an increase in the incidence of melanoma has not been reported previously, and we know of no mechanistic explanation for this. The incidence of both melanoma and renal cell cancers has been increasing in recent years, and both have been described by Welch and Black as cancers subject to overdiagnosis in the setting of increased surveillance. Therefore, it is possible that the elevated risk of second cancers in these sites simply may represent increased ascertainment in a population undergoing rigorous cancer surveillance. 28 Similarly, using data from the SEER database, previous studies have demonstrated an association between thyroid cancer and breast cancer in women. 29 Although we did observe a significant increase in the number of breast cancers as SPMs in patients with thyroid cancer (all patients and low-risk patients), our analyses indicated no difference in the rates between the RAI-positive and RAI-negative patients (SIR of breast cancer after WDTC: RAI-positive cohort, 1.12 (95% CI, 0.97-1.29); RAI-negative cohort, 1.15 (95% CI, 1.06-1.25).
